Introduction {#Sec1}
============

Alzheimer's disease (AD) is the leading cause of dementia and the sixth leading cause of death in the USA. Retrospective cohort studies of the associations between use of selected medications and occurrence of probable AD have been conducted using large claims databases to examine associations between medications that may impact positively with lower risk of dementia and possible AD. These classes of medications include angiotensin-converting enzyme inhibitor (ACEI) \[[@CR1], [@CR2]\], simvastatin \[[@CR3], [@CR4]\], beta blockers \[[@CR5]\], and metformin \[[@CR6], [@CR7]\]. Currently, there is no effective treatment to prevent or slow the progression of AD.

Possible association of traumatic brain injury (TBI) with dementia has been extensively investigated. TBI is a broad term defining neurological injury resulting from an external impact involving the head. TBI is a leading cause of long-term disability in the USA and is common in military personnel and veterans, especially in service members with blast exposure from improvised explosive devices. Since 2000, over 350,000 US service members have been clinically diagnosed with TBI; a total of 23% of 4000 soldiers from a brigade combat team deployed in Iraq were reported to have blast-related TBIs \[[@CR8]\]. TBI history is associated with significant comorbidities, including posttraumatic stress disorder \[[@CR9], [@CR10]\], mood disorders \[[@CR11]\], sleep disturbances \[[@CR12]\], and increased risk for neurodegenerative diseases such as AD \[[@CR13]\] and Parkinson's disease (PD) \[[@CR14]\].

History of TBI has been associated with an increased risk of dementia \[[@CR15]\]. A retrospective study of 188,000 veterans found that history of TBI was associated with a 60% increase in the risk of developing dementia \[[@CR15]\]. Another retrospective study found a 1.68 times greater risk of dementia in those with TBI after adjusting for sociodemographic characteristics and comorbidities \[[@CR16]\]. Several early reports described associations between TBI and AD \[[@CR17]--[@CR19]\]. Lee et al. found a significant association between mild traumatic brain injury (mTBI) and AD based on International Statistical Classification of Diseases (ICD) 9 code in medical records \[[@CR20]\]. Based on the data from the National Alzheimer's Coordinating Center (NACC) that collects AD patients' data from 39 past and present AD clinical centers (ADC) since 1999 \[[@CR21], [@CR22]\], a retrospective study supports a significant association of the early-onset AD with self-reported head injury \[[@CR23]\]. A systematic review from 18 studies on the association of TBI severity and AD between 1998 and 2014 revealed that 55% of patients with TBI develop cognitive deficits that meet the clinical diagnostic criteria of AD \[[@CR24]\]. At the molecular level, elevated tau-containing neurofibrillary tangle formation and cerebral atrophy are apparent in AD mouse models after TBI exposure compared to mice without TBI \[[@CR25]\]. Moreover, progressive spreading of tau proteinopathy has been triggered in wild-type mice by impact or blast TBI \[[@CR26]--[@CR29]\]. Quantitation of tau and phosphorylated tau (p-tau) in mice show that tau and p-tau levels are significantly changed within 1 day after blast, then return to the pre-blast stage when mouse brains were examined at 15 weeks post-blast \[[@CR30]\], consistent with previous findings in mini-pigs \[[@CR31]\] and mice \[[@CR32]\]. Other studies conducted in mice have shown long-term persistence and even progression of blast- and impact-induced p-tauopathy \[[@CR26]--[@CR28], [@CR33], [@CR34]\]. In humans, effort has been made to search for an association (or a lack of) between cognitive decline and overlapping neurodegenerative pathologies \[[@CR35], [@CR36]\], and possible biomarkers that reflect those changes \[[@CR37]\]. Repetitive mild TBI was found to be associated with tau pathology and allied neurodegenerative changes in the brain \[[@CR38]\]. AD-like pathology, amyloid plaques, and neurofibrillary tangles have also been shown to be more prevalent in patients following a single TBI relative to uninjured, age-matched controls \[[@CR39]\]. Currently, it is not clear whether TBI-induced molecular changes (such as tau protein phosphorylation) cause irreversible damages leading to AD onset, and equally important, whether available medications can prevent or suppress AD initiation and progression.

On the other hand, analysis of the data from the Religious Orders Study (ROS), Memory and Aging Project (MAP), and Adult Changes in Thought study (ACT) reveals that TBI with loss of consciousness (LOC) is associated with risk for Lewy body accumulation, progression of parkinsonism, and PD, but not dementia, AD, pathologic neuritic plaques, or neurofibrillary tangles \[[@CR40]\]. The Adult Changes in Thought data (ACT) is a community-based database to reveal the correlation between clinical characteristics and biochemical/structural features of dementia \[[@CR41]\]. Both the Nun study and ACT data were explored to seek correlations between the pathological factors and cognitive function \[[@CR42]\]. Similarly, in ROS and the Rush MAP studies, pathology alteration and clinical observations were explored and correlated \[[@CR43], [@CR44]\]. A recent study on the dataset from NACC reveals failure of self-reported TBI to predict neuropathologic changes in postmortem brain tissue, indicating that self-reported TBI may not be an independent risk factor for clinical or pathological AD \[[@CR45]\]. The self-reported TBI did not predict AD neuropathological changes and was not associated with dementia severity or cognitive function in subjects \[[@CR45]\].

In this study, we use an existing VA national database which contains rich longitudinal patient medical information to address two questions, namely, whether TBI contributes to the development of dementia with possible AD, and for those with a history of TBI, whether treatment with ACEI, beta blockers, metformin, statins, or a combination of these medications prolongs the interval between the occurrence of TBI and the onset of possible AD. Previous retrospective cohort studies using claims databases support a protective role for statin treatment with respect to possible AD onset \[[@CR3]\]. Therefore, we used statin treatment as the control condition in comparing the association of single and combination of medications on onset of possible AD after TBI. The choices of our medications are based on previously published studies on these medication classes related to AD therapeutics and with the consideration of the sample sizes of our databases. For example, possible benefit of ACEI \[[@CR2]\], beta blockers \[[@CR5]\], and metformin \[[@CR7]\] for AD patients has been explored. Statins with higher blood--brain barrier (BBB) penetration capacity (e.g., lipophilic statins) may have more influence on AD progression \[[@CR4]\]. The use of ACEI, beta blockers, metformin, and statins was assessed using Cox proportional hazard models \[[@CR46]\] with survival time from initial TBI to occurrence of dementia with possible AD, adjusted for demographics and comorbidities. In previous studies, we found reduced hazard rates or relative risks for dementia occurrence in veterans using ACEI \[[@CR1]\] or simvastatin \[[@CR3]\]. In this study, we explored the associations of selected concomitant medication use with the occurrence of dementia with possible AD after TBI. We found that combination treatments with ACEI and statins reduce the risk of AD and prolongs the time between the occurrence of TBI and onset of dementia with possible AD.

Material and methods {#Sec2}
====================

Subjects {#Sec3}
--------

This study was approved by the Bedford VA Hospital Institutional Review Board. We used administrative data from the VA Informatics and Computing Infrastructure (VINCI) Resource Center for both inpatient and outpatient visits, vital status, and patients' prescriptions from October 1, 1998, to April 1, 2018. To extract our study cohort for the analysis of TBI occurrence and AD development, we excluded patients whose age was outside 50 to 89 at the end of the study window. From 1,660,151 VA patients, we applied inclusion and exclusion rules to define our patient and comparison groups for both the TBI model and the medication model. The TBI patient group is comprised of subjects based on ICD-9 and ICD-10 codes (Supplementary Table [1](#MOESM1){ref-type="media"}) since October 1, 1998, with two or more outpatient diagnoses or at least one inpatient diagnosis during the study period and at least one medication prescription in the study period. We assembled a control population by random sampling of 10% of VINCI subjects without a claims diagnosis of AD. For subjects taking different medications, the comparison group is the one taking no medication or only statins as a single medication after an occurrence of TBI. TBI patients who initiated any of the four classes of medications before a TBI occurrence and after 1998 were excluded from the study.

Definition of the survival time (interval between TBI occurrence and AD diagnosis) {#Sec4}
----------------------------------------------------------------------------------

In this study, we identified patients with a history of TBI and/or AD based on review of VINCI medical records. Patients who received two or more TBI outpatient diagnoses during the study period (October 1, 1998, to April 1, 2018) were defined as a qualified TBI patient with the first date of diagnosed TBI as the first occurrence date. Based on ICD-9 (331.0) and ICD-10 (G30.x) codes, subjects with Alzheimer's dementia, AD, primary degenerative dementia of Alzheimer type, or dementia due to AD were included in our study and are collectively termed as those carrying dementia with possible AD. We excluded patients with a diagnosis of dementia with possible AD outside the defined study period or before the occurrence of TBI. Patients with prior recorded diagnosis of AD or with any of the other types of dementia (e.g., vascular dementia, Parkinson's Disease) were excluded from the study. After a TBI occurrence, a patient who received an outpatient diagnosis of dementia with possible AD or one inpatient diagnosis was considered a TBI patient who developed dementia with possible AD. Our study identified 1057 qualified TBI patients with dementia/AD after a first occurrence of TBI and 13,641 TBI patients without a record of an AD claim diagnosis after an occurrence of TBI during the study period. Survival time was defined as the interval from TBI occurrence to first AD claim diagnosis.

Medications {#Sec5}
-----------

Prescription data for ACEI, beta blockers, metformin, and statins were obtained from VINCI. A medication class was included if it was initiated after the first occurrence of TBI and before the diagnosis of dementia with possible AD, or in the control group, before the censoring date. Mortality was included in the model for analysis of survival time. We defined single medication users as patients who initiated at least one of the four target medication classes during the study period. We defined no medication users as patients who did not initiate treatment with medications in any of the four classes after the first TBI diagnosis. The combined medication group was defined as patients who initiated two different drugs after the first TBI occurrence. An initiation of combined medication treatment was considered to be present if the patient was issued prescriptions for two different medications during the study period. Association of angiotensin receptor blockers (ARB) with the risk of dementia has been previously explored \[[@CR1]\], and ARB was not included in our analysis as many more subjects use ACEI than those on ARB medications.

Demographics and covariates {#Sec6}
---------------------------

Demographic characteristics (age, race, gender) were included in the study design to adjust for purported effects of these variables and reported comorbidities on TBI occurrence and possible AD diagnosis \[[@CR47], [@CR48]\]. Mental health comorbidities included anxiety, bipolar disorder, schizophrenia, posttraumatic stress disorder (PTSD), depression, and substance use disorders. Other medical comorbidities included sleep disorder, thyroid disorder, cardiac dysrhythmia, cancer, congestive heart failure, coronary artery disease, diabetes mellitus, hyperlipidemia, hypertension, liver disease, lung disease, and renal failure. We included the number of TBI events and medication duration as covariates in the model. We defined a new TBI event as one that occurred 60 days after a preceding TBI diagnosis. Medication duration was defined as the total days of prescribed medication.

Statistical methods {#Sec7}
-------------------

We used logistic regression to assess the effect of first TBI occurrence on possible AD diagnosis \[[@CR46], [@CR49]\]. Possible AD diagnosis (ICD-9 331.0 and ICD-10 G30.x) during our study period was the binary outcome in this model, and first TBI occurrence was included in the model as a primary factor for evaluation. Demographics and comorbidities were employed as covariates. Statistical significance was set at an alpha level of *p* \< 0.05, and maximum likelihood estimation was used to calculate the odds ratio (OR) with 95% confidence intervals (CI).

We used survival analysis \[[@CR50]\] to investigate the association of target medications on the risk of AD diagnosis after the first occurrence of TBI claims diagnosis in the study cohort. Survival time and medication groups were defined as indicated above. Kaplan-Meier curves were used to determine the median survival time from TBI occurrence to diagnosis of dementia with possible AD and to compare cumulative survival between medication groups \[[@CR51]\]. Multivariate Cox regression models were used to compare different medication groups while adjusting for demographics and comorbidities \[[@CR46]\].

To determine the robustness of the primary association between medication groups and the risk of AD claims diagnosis and to cross-check the consistency of our findings, we conducted several sensitivity analyses. First, we used different reference groups (no medications, statins, or with demographics and comorbidities). Second, we employed a propensity score derived from demographics for adjusting the Cox model, which was entered either as a weighting factor or a covariate \[[@CR52]\]. Weigh observations with inverse probability weighting (IPW) is the reciprocal of their estimated probabilities of being observed in event/treatment group \[[@CR47], [@CR48]\]. Our study used IPW as a part of a robust check for consistency of results. We also did propensity score as covariates in the regression modeling to test the robustness of our approaches in data analysis. Both are common applications of propensity scores to adjust confounding errors \[[@CR52]\]. Third, we performed "leave-one-out cross-validation" (Supplementary Table [2](#MOESM1){ref-type="media"}) to cross-check the sensitivity of the primary findings in the medication study.

Results {#Sec8}
=======

Characterization of study subjects {#Sec9}
----------------------------------

We have characterized our study cohort and created several groups of subjects. The average age of the dementia patients with possible AD is 80.9 ± 6.7 years, and the average age for the non-AD patients is 70.1 ± 10.1 years. The majority (94.9%) of the study cohort is male. Overall, this study population is composed of 76.2% White, 16.0% African American, 5.4% Hispanic, and 2.4% other ethnic groups (Table [1](#Tab1){ref-type="table"}A). Table 1Characteristics of subjectsPossible ADNon-ADA. Analysis of association of TBI with development of dementia with possible AD Age80.9 ± 6.770.1 ± 10.1 Sex  Male62,951556,525  Female138831,920 Ethnicity  Caucasian51,884445,237  African American677997,782  Hispanic456530,581  Other111114,845B. Analysis of association of medications with development of dementia with possible AD after TBI occurrence Age76.9 ± 8.564.5 ± 9.8 Sex  Male3105663  Female17710 Ethnicity  White2284431  African American351243  Hispanic57506  Other7193 Medication  No med921957  ACEI47644  Beta blocker35868  Metformin29403  Statin571105  ACEI + beta blocker15262  ACEI + metformin2133  ACEI + statin14359  Beta blocker + statin21394  Beta blocker + metformin389  Metformin + statin12159Note: "Medication" designates single and combination patterns of the four target medication classes. Subjects who were prescribed medications other than the target medication classes in the dataset are included as "No med" group. Subjects who were on any of those medication classes at the start of study window or were prescribed three or four of those classes are excluded

We analyzed medication records of our cohort and created the second group of 6700 subjects with medication history of ACEI, beta blockers, metformin, and statins. The average ages for dementia patients with possible AD were 76.9 ± 8.5 years and 64.5 ± 9.8 years for non-AD patients (Table [1](#Tab1){ref-type="table"}B); 89.2% of this population is male (Table [1](#Tab1){ref-type="table"}B).

Association of TBI incidents with development of dementia with possible AD {#Sec10}
--------------------------------------------------------------------------

After controlling for demographics variables and comorbidities, TBI was associated with dementia with possible AD in our study population (Table [2](#Tab2){ref-type="table"}). The odds ratio (OR) of TBI initial occurrence and demographic factors from the logistic model is 1.25 (OR \[95% CI\] 1.25 \[1.134--1.378\]) and was statistically significant (*p* \< 0.05). Age and ethnicity are the most probable confounding factors and showed positive significant associations with possible AD (*p* \< 0.05). Stroke and mental diseases (bipolar disorder, PTSD, schizophrenia, depression) also significantly increased the risk of possible AD (Fig. [1](#Fig1){ref-type="fig"}). However, hyperlipidemia, hypertension, alcohol, and drug/substance use disorders showed negative associations likely resulting from collinearity in the models (variance inflation factor \> 10). After controlling for the demographic factors and comorbidities, patients with a confirmed TBI initial occurrence was 25% higher in the odds of developing dementia with possible AD, compared with patients who have not experienced TBI (*p* \< 0.0001). Table 2Association of TBI and other factors with the development of dementia with possible AD*p* valuesOdds ratio95% confidence intervalTBI\< .00011.2501.1341.378Age\< .00011.1401.1391.141Female0.27391.0330.9741.096Black\< .00011.1301.0981.162Hispanic\< .00011.5891.5341.647Other\< .00010.8650.8100.923Sleep0.37730.9340.8031.087Thyroid0.37080.9260.7821.096Cardiac dysrhythmia0.90491.0090.8731.166Cancer (−)0.00300.7910.6770.923Congestive heart failure (−)\< .00010.6680.5530.808Coronary artery disease0.65901.0270.9141.154Diabetes0.33941.0520.9481.166Hyperlipidemia (−)0.00260.8740.8010.954Hypertension (−)\< .00010.7840.7190.856Kidney (−)0.01010.7750.6380.941Liver0.21540.8500.6571.100Lung (−)0.00360.8580.7740.951Peripheral artery disease0.34431.0770.9231.256Stroke0.00131.2911.1051.508Alcohol (−)\< .00010.7610.6710.863Anxiety0.89611.0070.9011.126Bipolar0.01031.2081.0461.396PTSD0.00581.1711.0471.310Schizophrenia\< .00011.6041.3871.856Depression\< .00011.2331.1231.354Drug substance (−)\< .00010.6340.5390.746Note: (−) indicates inverse associations of selected variablesFig. 1Odds ratio plot for TBI and demographic factors. Odds ratio for developing dementia with possible AD based on demographic factors and history of TBI indicates that prior history of TBI results in a 25% increased chance of developing dementia with possible AD later in life

Influence of ACEI, beta blockers, metformin, statins, and combined therapy on the hazard risk of AD development {#Sec11}
---------------------------------------------------------------------------------------------------------------

From the single medication initiation comparison model, after controlling for demographic variables and comorbidities, we found that beta blockers are negatively associated with the hazard risk of AD development (hazard ratio (HR) \[95% CI\] 0.36 \[0.23--0.57\] compared with no medication; 0.56 \[0.36--0.88\] compared with statin) (Table [3](#Tab3){ref-type="table"}A, B). Patients taking beta blockers are 64% less likely to develop possible AD after an initial occurrence of TBI than patients who are not prescribed these medications (*p* \< 0.001, Table [3](#Tab3){ref-type="table"}A). Patients prescribed beta blockers are also 44% less likely to develop possible AD after an initial occurrence of TBI than those taking statins (*p* = 0.01, Table [3](#Tab3){ref-type="table"}B). Table 3Association of single medication with the development of dementia with possible AD after TBI occurrenceA. Cox regression model (reference group = no medication)*p* valuesHazard ratio95% confidence intervalAge\< .00011.111.101.13Sex0.641.130.671.93African American0.280.790.511.22Hispanic\< .00011.851.312.61Other0.970.990.432.24ACEI0.010.570.370.87Beta blocker\< .00010.360.230.57Metformin0.120.680.411.11Statins0.070.700.481.03Medication Duration0.721.001.001.00Sleep disorder0.580.880.561.39Thyroid0.900.970.621.53Cardiac Dysrhythmia0.071.390.972.00Cancer0.040.600.370.97Congestive heart failure0.030.500.260.94Coronary artery disease0.890.980.701.37Diabetes0.111.320.941.85Hyperlipidemia0.051.361.001.86Hypertension0.991.000.731.37Kidney0.090.520.241.12Liver0.471.330.612.91Lung0.530.910.671.23Peripheral Artery Disease0.350.810.511.27Stroke0.850.960.651.42Alcohol0.930.980.671.44Anxiety0.201.240.891.71Bipolar0.791.060.681.65PTSD0.440.870.601.25Schizophrenia0.801.080.601.94Depression0.011.461.091.97Drug substance0.770.930.561.53Number of TBI occurrence\< .00011.031.011.06B. Multivariable Cox regression model (reference group = no medication or statin)No med as the referenceStatin as the referenceMedication*p* valueHR95%CI*p* valueHR95%CIACEI0.010.570.370.870.440.850.561.29Beta blocker\< .00010.360.230.570.010.560.360.88Metformin0.120.680.411.110.921.020.631.68Statins0.070.700.481.03--------Note: Models adjusted by demographic variables and comorbidities

To check the stability of the results, we included demographic factors and comorbidities in our model and used statin as the reference group. Our results support a significant negative correlation between beta blocker prescription use and AD claims-based diagnosis among single medication users (Fig. [2](#Fig2){ref-type="fig"}a). This result is also confirmed by the propensity score-adjusted Cox regression model with demographics and comorbidities (Fig. [2](#Fig2){ref-type="fig"}b), where a propensity score of demographic factors is used as an inverse probability weight in the model. Fig. 2Hazard ratio for association of single medication use with the development of dementia with possible AD after TBI occurrence. **a** Mono medication users were compared to those taking statins using the Cox regression model. Beta blockers show the lowest hazard ratio relative to the statins group. **b** Mono medication users were compared to those taking statins using the Cox regression model with a propensity score adjusted for demographic factors. Beta blockers remain the lowest hazard ratio of developing dementia with possible AD compared to statins. **c** Mono medication users were compared to no medication group using the Cox regression model. **d** Mono medication users were compared with no medication group using the Cox regression model with propensity score adjusted for demographic factors. Beta blocker users have the lowest hazard ratio among all classes of medications analyzed in this study

In addition, we included demographic factors and comorbidities in our model and used patients who were not prescribed any target medications as the reference group. Patients who took ACEI or beta blockers as single medication showed a significantly lower hazard risk to develop possible AD after TBI initial occurrence compared to patients not taking any of these medications (Fig. [2](#Fig2){ref-type="fig"}c). The propensity score-adjusted Cox regression model (Fig. [2](#Fig2){ref-type="fig"}d) confirmed the significance of our outcomes for ACEI or beta blocker treatment.

When the multivariable Cox regression model was used to analyze combined medications, ACEI + statins and ACEI + metformin, we found a significantly lower HR compared to the reference group (no medication), with HR \[95% CI\] 0.44 \[0.23, 0.85\] and 0.21 \[0.05, 0.90\], respectively (Table [4](#Tab4){ref-type="table"}A). Since both statin and metformin were previously reported to show a protective, lower risk for the occurrence of dementia \[[@CR24], [@CR25]\], the combination of statins + metformin was examined as a reference group. Compared to this reference group, ACEI + statins and ACEI + metformin both exhibited a significantly lower risk, with HR \[95%CI\] 0.35 \[0.15--0.82\] and 0.18 \[0.04--0.87\] respectively (Table [4](#Tab4){ref-type="table"}B). With demographic factors and comorbidities as covariates, results for ACEI + statin combination were consistent (Fig. [3](#Fig3){ref-type="fig"}a, c). Models with comorbidities and propensity scores adjusted for demographic factors revealed similar results (Fig. [3](#Fig3){ref-type="fig"}b, d). Table 4Association of combined medications with the development of dementia with possible AD after TBI occurrenceA. Reference group = no medication*p* valuesHazard ratio95% confidence intervalAge\< .00011.111.091.13Sex0.420.720.331.58African American0.400.780.441.38Hispanic0.011.931.193.12Other0.681.240.453.38ACEI + beta0.140.630.341.17ACEI + statin0.010.440.230.85ACEI + metformin0.040.210.050.90Beta blocker + statin0.110.630.351.11Beta blocker + metformin0.230.470.141.60Statin + metformin0.451.320.652.70Medication duration0.071.001.001.00Sleep0.550.830.461.52Thyroid0.230.620.281.37Cardiac dysrhythmia\< .00012.181.313.63Cancer0.550.840.491.47Congestive heart failure0.380.620.221.78Coronary artery disease0.340.760.431.34Diabetes0.620.870.511.50Hyperlipidemia0.161.310.901.90Hypertension0.091.400.952.06Kidney0.150.240.031.70Liver0.450.560.132.47Lung0.861.040.691.57Peripheral artery disease0.611.180.622.24Stroke0.970.990.551.77Alcohol0.381.240.772.01Anxiety0.321.250.811.94Bipolar0.591.200.632.28PTSD0.110.630.361.11Schizophrenia0.501.270.632.55Depression0.781.060.721.57Drug substance0.070.480.211.08Number of TBI occurrence\< .00011.041.021.07B. Reference group = no medication or statin + metforminNo med as the referenceStatin + metformin as the referenceMedication*p* valueHR95% CI*p* valueHR95% CIACEI + beta blocker0.140.630.341.170.160.540.231.27ACEI + statin0.010.440.230.850.020.350.150.82ACEI + metformin0.040.210.050.900.030.180.040.87Beta blocker + statin0.110.630.351.110.090.490.221.11Beta blocker + metformin0.230.470.141.600.240.450.121.69Statin + metformin0.451.320.652.70Note: Models adjusted by demographic variables and comorbiditiesFig. 3Hazard ratio for association of combined medication use with AD diagnosis after TBI. **a** Patients taking two combined medications were compared to those taking both statins and metformin using the Cox model. The ACEI and statin group showed the most stable reduction in hazard ratio for developing dementia with possible AD. **b** Hazard ratio of same group of patients was analyzed using the Cox model with a propensity score adjusted for demographic factors. **c** Patients taking two combined medications were compared to those taking no medication using the Cox regression model. **d** Hazard ratio from the same group of patients was analyzed using the Cox regression model with a propensity score adjusted for demographic factors

The Kaplan-Meier plot for the unadjusted survival time suggested that TBI patients taking ACEI + statins increased the time to claims-based diagnosis of dementia with possible AD (Fig. [4](#Fig4){ref-type="fig"}). The adjusted survival time for TBI patients revealed similar outcomes (Fig. [5](#Fig5){ref-type="fig"}). Our results suggest that patients taking combined ACEI + statin after the occurrence of TBI lower the hazard risk for possible AD (*p* = 0.01). The number of patients prescribed metformin with other medications is small in our sample population (ACEI + metformin group: *N* = 135, 2% of patients). Consequently, HR confidence interval of this combined medication group is wide (Table [4](#Tab4){ref-type="table"}A and B) and requires a larger sample size for further investigation. Fig. 4Kaplan-Meier unadjusted survival plot reveals stable and unstable outcomes from different combination of medications. Survival plot was created to illustrate the time from first occurrence of TBI to diagnosis of dementia with possible AD in patients taking no or two combined medications. ACEI and metformin (red) showed the greatest but unstable prolonged time from first occurrence of TBI to diagnosis of dementia with possible AD due to a small sample size. ACEI and statin (green) showed the most stable result for prolonging time from first occurrence of TBI to diagnosis of dementia with possible ADFig. 5Kaplan-Meier adjusted survival plot reveals rank order of different combinations of medications. Adjusted survival plot was created to illustrate the rank order of two combined medications that affect the time from first occurrence of TBI to diagnosis of dementia with possible AD. Compared to those not taking any medication, patients taking metformin and statin (yellow) appear to develop dementia/AD faster. Except for those taking ACEI and metformin, ACEI and statin users (green) showed the most prolonged time from first occurrence of TBI to diagnosis of dementia with possible AD

We also compared both single-agent and combined-agent treatment groups against the no medication group in the adjusted models (Table [5](#Tab5){ref-type="table"}). We found that ACEI and statins as combined medications (*p* = 0.005), ACEI and metformin (*p* = 0.02), and beta blockers (*p* \< 0.001) had significantly lower HR for possible occurrence of AD compared to the no medication group (Fig. [6](#Fig6){ref-type="fig"}). Given the potential for confounding effect of TBI with that of psychiatric sequelae, we conducted a subcohort analysis to examine effects of combined medication treatment in TBI patients with mental conditions (bipolar disorder, PTSD, or schizophrenia). We found a significant effect of combined treatment with ACEI + statin compared with the no medication group (0.29 \[0.19, 0.45\], *p* \< 0.001). Table 5Association of single or combined medications with the development of dementia with possible AD after TBI occurrenceMedication*p* valueHazard ratio95%CIAge\<.00011.111.101.13Sex0.950.990.591.63Black0.510.880.611.28Hispanic\<.00011.951.442.64Other0.870.940.442.00ACEI0.010.590.400.89Beta blocker\<.00010.390.250.60Metformin0.210.740.461.19Statins0.080.730.511.04ACEI + beta0.080.590.331.07ACEI + statin0.0050.410.230.76ACEI + metformin0.020.180.040.75Beta blocker + statin0.020.540.320.91Beta blocker + metformin0.140.410.121.33Statin + metformin0.911.040.532.02Medication duration0.131.001.001.00Sleep0.860.970.651.43Thyroid0.600.890.581.37Cardiac dysrhythmia0.041.421.021.97Cancer0.070.690.461.04Congestive heart failure0.030.540.300.95Coronary artery disease0.991.000.741.36Diabetes0.471.120.831.50Hyperlipidemia0.111.240.961.61Hypertension0.321.150.871.51Kidney0.050.470.221.01Liver0.351.390.702.78Lung0.470.900.691.19Peripheral artery disease0.450.860.571.28Stroke0.850.970.681.37Alcohol0.861.030.731.45Anxiety0.091.290.961.72Bipolar0.881.030.691.55PTSD0.380.860.621.20Schizophrenia0.711.100.661.85Depression0.031.331.021.73Drug substance0.230.750.461.20Number of TBI occurrence0.00021.041.021.06Note: Duration is the summation of total day supply of single or both medicationsFig. 6Hazard ratio plot for single and combined medications. Hazard ratio for developing AD was compared between all single and combined medication users and those taking no medication. Due to low sample size, combinations including metformin have a large variation and unstable outcomes. The combination of ACEI and statin reveals the most stable hazard ratio lowering the risk of dementia diagnosis with possible AD after the occurrence of TBI

To confirm the validity of these findings, we used different statistical approaches to estimate the main effects of the first claims-based occurrence of TBI including multivariable logistic regression models, propensity score-weighted and adjusted multivariable logistic models, and logistic model cross-validation. The major findings from these different approaches were similar, and the significant reduction of the HR by ACEI + statins was consistently found across all methods utilized.

Discussion {#Sec12}
==========

Our study results showed that a history of TBI was associated with increased hazard risk of developing dementia with possible claims-based AD (defined by clinical diagnosis) compared to patients without TBI history. This finding supports emerging data implicating TBI as one of the risk factors for AD \[[@CR53], [@CR54]\].

We performed statistical analyses of medical records from a large national VA database of over 1.6 million veterans to investigate the relationship of prior TBI on onset of dementia with possible AD and the therapeutic potential of monotherapy and combination therapy with ACEI, beta blockers, metformin, and statins to postpone onset of dementia with possible AD.

We selected four commonly prescribed medication classes---ACEI, statins, metformin, and beta blockers---based on prior reports suggesting potential prophylactic effectiveness for AD \[[@CR1], [@CR3], [@CR5], [@CR6]\]. To estimate the association of two-medication combination therapy on first claims-based diagnosis of dementia with possible AD after initial occurrence of TBI, we used multivariable Cox regression models with propensity score weighting for demographic factors and other covariates. Subjects treated with two-medication combination therapy were compared to reference groups without medication treatment. We performed similar analyses for non-TBI patients. Beta blocker users had significantly lower possible AD risk compared to statin users and to the no medication group in our Cox regression model. Interestingly, the impact of ACEI + statin combination was less clear, and the ACEI + statin combination does not show a significant association with AD risk in the multivariate Cox regression model after controlling for all other variables. Our results suggest that this combined medication regimen is specific for the TBI + dementia/AD population compared to the general population of dementia with possible AD without a history of TBI.

Our analyses indicate that patients prescribed a combination of two of these medication classes were at a lower risk of the initial occurrence of possible claims-based AD after the first claims-based diagnosis of TBI. However, we note one important exception, TBI patients treated with metformin and statins had a claims-based diagnosis of dementia with possible AD sooner than TBI patients in the other medication treatment groups (Fig. [5](#Fig5){ref-type="fig"}) and also sooner than TBI patients without medication treatment. This interesting finding may point to an unidentified synergistic pathway that potentiates dementia with possible AD and, as such, may provide clues to mechanisms that link TBI and AD. For individual medication, there was no significant association among metformin users (*p* = 0.12, Table [3](#Tab3){ref-type="table"}B). This result is consistent with a recent study based on pooled analyses from multiple studies \[[@CR55]\]. The result for statin was also not significant compared with the reference group (*p* = 0.07, Table [3](#Tab3){ref-type="table"}B). Therefore, there is not sufficient evidence derived from our analysis to support their respective impact on possible claims-based AD after the first claims-based diagnosis of TBI.

Patients taking a combination of ACEI and statins showed prolonged time to development of claims-based diagnosis of dementia with possible AD following TBI. The validity of this finding is supported by other modeling approaches that yielded similar conclusions. Other combinations also had a significant association, namely, the combinations of beta blockers + metformin and ACEI + metformin, albeit exhibited wider variation than ACEI + statins.

There were several important limitations to our study. First, the study identified ACEI + metformin as a combination of possible interest, having the protective, lowest risk ratio in the Cox regression model (HR \[95% CI\] 0.18 \[0.04--0.75\]; *p* = 0.02, see Table [5](#Tab5){ref-type="table"}). However, owing to the small sample size of this medication group, this low HR was not estimated with significance as we were limited by the small sample sizes from selected subgroups. Furthermore, we do not have sufficient statistical power for subgroups to adjust for other important covariates including hypertension and diabetes as well as other drugs used for those conditions, since medications often are administered for off-label use and are prescribed for more than one indication in routine practice. A second limitation is that clinical severity measures for TBI are not available in this claims database. In our study, we used two or more clinical visits with diagnosis of TBI as criteria to screen TBI patients for inclusion. This criterion was used as a proxy measure of TBI severity. Currently, it is not possible to create subpopulations among TBI subjects corresponding to hemorrhage, concussion, or other indicators of TBI severity, which is not available in this dataset. Larger datasets with this rich clinical information would be needed in the future. A third limitation is the presence of unmeasured variables in our analysis, including indicators of direct medication adherence and measures related to selection bias due to provider and patient preferences for prescribing specific medications. The significant effect of medication switching (including adding or dropping of one medication) needs to be explored in future investigations. The fourth limitation is that our study was based on a Department of Veterans Affairs database with a population that is predominantly male with a smaller fraction of females, with higher proportion of those veterans with physical and mental health conditions than in a general community-wide population. This would limit the generalizability of the findings. The fifth limitation is the sparse information on biomarkers related to amyloid, tau, and neurodegeneration from the existing database we used. NIA-AA criteria on clinical diagnosis of AD published in 2011 \[[@CR56], [@CR57]\] and the guidelines under the research framework published in 2018 refer AD to an aggregate of neuropathologic changes and define it by biomarkers and by postmortem examination in vivo \[[@CR58]\]. In this study, we obtained clinical records between 1998 and 2018 with minimum data on amyloid, tau, and neurodegeneration (ATN biomarkers). Information of preclinical AD and genetic information (such as *apoE*) is not available for our analysis, and we could not create a simulation study to predict its influence. Finally, the occurrence of TBI attributable to medications promoting falls was not considered; our analysis only focused on risk of dementia with possible AD after the TBI occurrence.

At the molecular level, our findings of candidate medications (ACEI and statins) to be used in delaying onset of dementia with possible AD are supported by mechanistic studies. Previous studies have shown that ACE activity is elevated in AD and correlates with the Braak stage, and ACE density is 70% higher in the temporal cortex of AD patients relative to control subjects \[[@CR59]\]. ACE activity is also correlated with Aβ load in AD patients \[[@CR60]\], and cultured neurons exposed to Aβ showed increases in levels and activity of ACE \[[@CR61]\]. Population studies have shown that antihypertensive medication usage is associated with reduced occurrence of AD \[[@CR62]\]. Statins have been tested as potential therapeutics, as high cholesterol levels are implicated as a risk factor for AD \[[@CR63]\]. Cholesterol depletion in neuronal cells resulted in complete inhibition of Aβ formation, and this inhibition was fully reversible upon re-addition of cholesterol to the neurons \[[@CR64]\]. Transgenic mice subject to cholesterol-lowering drugs showed reduced brain Aβ peptides and amyloid load by greater than twofold relative to non-treated mice \[[@CR65]\]. Additionally, treatment with simvastatin has been shown to reduce Aβ peptide levels in both cellular models and Guinea pigs \[[@CR66]\].

In addition to brain pathology manifested in a number of neurocognitive disorders, which are diagnosed using ICD-9 and 10 codes, it is well known that cognitive and brain reserve plays an important role in the maintenance of cognitive function and prevention of neurodegeneration \[[@CR67]\]. Difference in cognitive reserve may enable individuals to be more resilient to neural dysfunction, while difference in brain structure may differentiate individuals who may have higher tolerance to brain pathological alteration \[[@CR67]\].

Our results have implications in examining FDA-approved drugs for the purposes of testing novel hypotheses and introducing new therapeutics for possible future indications for AD. The challenge of addressing treatment of AD could be targeted in part by the wide-scale use of "big data" sources that have integrated electronic health record information with rich clinical data and provide a valuable data source to link medication use with clinical manifestations. This ultimately gives a viable alternative for future investigations of AD treatment \[[@CR68]\]. Similar approaches are already being used in improving detection, treatment, and prevention of complex diseases such as cancer \[[@CR69]\] and type 2 diabetes \[[@CR70]\]. Further in vivo studies are needed to determine the effectiveness of our drug combinations in Alzheimer's treatment.

Conclusion {#Sec13}
==========

We have developed a list of FDA-approved drugs with potential effectiveness as therapeutics for dementia with possible AD. This study revealed that the combination of ACEI and statins shows potential in delaying the onset of claims-based diagnosis of dementia with possible AD following the first occurrence of TBI. Future in vitro and animal studies will allow us to establish associations between prescribed medications and effectiveness readouts. Proof of concept studies with those candidate medications will be carried out for consideration in future clinical trials as AD therapeutics. They hold great promise for preventing or delaying disease onset and slowing down its progression.
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**Additional file 1:Table S1.** ICD-9 and ICD-10 codes used for TBI and AD. Table S2. Leave-one-out cross-validation on Hazard Ratio (reference = No Medication).

ACEI

:   Angiotensin converting enzyme inhibitors

AD

:   Alzheimer's disease

Aβ

:   Amyloid β protein

FDA

:   Food and Drug Administration

ICD

:   International Statistical Classification of Disease

IPW

:   Inverse probability weighting

TBI

:   Traumatic brain injury

**Publisher's Note**

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Supplementary information
=========================

**Supplementary information** accompanies this paper at (10.1186/s13195-020-00589-3).

The views expressed in this article are those of the authors and do not represent the views of the US Department of Veterans Affairs or the US Government.

Funding {#FPar1}
=======

This study was supported by the award I21BX002215, I21BX003807 and IO1 BX003527 from the Biomedical Laboratory Research and Development Service of the Veterans Affairs Office of Research and Development (WX), R01AG063913 from National Institute on Aging, NIH (WX, LEG), and the Cure Alzheimer's Fund (WX).

Availability of data and materials {#FPar2}
==================================

Materials and data described in the manuscript will be freely available to any researcher wishing to use them for non-commercial purposes, without breaching participant confidentiality.

ML, LK, BW, and WX designed the study; SQ and JR accessed the VINCI data; ML, SQ, and JR performed the statistical analysis; ML, BME, LK, LG, and WX wrote the manuscript. The author(s) read and approved the final manuscript.

All contributing authors declare no potential competing interests. This study was approved by the Bedford VA Hospital Institutional Review Board. Access of administrative database for outpatient visit data and corresponding patients' prescription data was approved by the Bedford VA Hospital Institutional Review Board, Research and Development and the VA Informatics and Computing Infrastructure (VINCI) Resource Center. The content of the manuscript has not been published or submitted for publication elsewhere.

All contributing authors have approved the manuscript for submission.

The authors declare that they have no competing interests.
